Understanding the genetic architecture is a prerequisite for crop improvement. The current research aimed to characterize the extent of genetic variation of drought tolerance harbored in a global collection of 159 chrysanthemum cultivars over 2 years. An average subordinate function value (ASFV), integrating the wilting index, the fresh weight retention rate, and the survival rate after re-watering under two drought-stressed trials, was used to quantify the level of drought tolerance. The performance of ASFV was generally correlated between the 2 years; and a high magnitude (0.95) of broad-sense heritability, coupled with the moderate genetic advance, was estimated for the ASFV. By applying MLM model with both population structure and kinship matrix as covariates association mapping identified 16 markers linked to drought tolerance, with the proportion of the phenotypic variation explained by an individual marker ranging from 4.4 to 7.6%. Of the eight markers predictive across the 2 years, four (E11M24-9, E3M2-8, E1M5-5, and EST-SSR34-3) were identified as favorable alleles for drought tolerance. Several cultivars that carry at least three of the four favorable alleles were identified as potential donor parents for future improvement of the drought tolerance. The findings provide an insight into the genetic basis of the drought tolerance in chrysanthemum and will, therefore, aid in developing new cultivars with enhanced tolerance against drought stress.
Introduction
Drought is a prominent abiotic stress that drastically retards plant growth and production (Juenger 2013; Lu et al. 2010; Tavakol et al. 2016) ; and the adverse effect of reduced water availability is likely to be further exacerbated by the impending climate changes (Ahuja et al. 2010; Cattivelli et al. 2008) , particularly for herbaceous plants. Hence, it is a pressing demand, in this context, to develop varieties expressing a superior level of tolerance to drought stress, for crop breeders. Chrysanthemum (Chrysanthemum morifolium Ramat.), one of the most commercially important ornamental crops across the world, is no exception, especially in a greenhouse or some areas subjected to frequent drought. Water scarcity not only limits the growth of chrysanthemum plants, but also drastically affects the quality of flowers. Considering water management, the chrysanthemum production is highly labor-intensive. It is, therefore, essential to breed for new chrysanthemums with acceptable drought tolerance, for the sake of sustainable production in chrysanthemum.
Remarkable progress has been made in understanding the mechanisms of drought tolerance in chrysanthemum. The morphological, physiological and transcriptional responses of chrysanthemum to water-reduced soil have been depicted in some detail (Sun et al. 2013; Xu et al. 2013; Zhang et al. 2005) . The related species, C. indicum and Ajania przewalskii, are relatively tolerant to drought, and the variation for series of relevant physiological and biochemical indices has been noted among their hybrid progenies derived from the wide crosses, chrysanthemum × C. indicum (Sun et al. 2010) , and chrysanthemum × A. przewalskii (Deng et al. 2012) . Significant efforts, in addition, in discovery of functional genes responsible for drought tolerance, have been accomplished 1 3
226 Page 2 of 9 in chrysanthemum thus far Li et al. 2015; Song et al. 2014; Yang et al. 2014) . Despite recent progress, the genetic architecture of drought tolerance has not as yet been adequately investigated in chrysanthemum.
Past attempts to reveal the genetic determination of traits of commercial interest in chrysanthemum have markedly relied on biparental linkage mapping, which has successfully uncovered massive quantitative trait loci (QTL) underlying inflorescence-related traits , plant architecture (Peng et al. 2015; Zhang et al. 2012) , flowering time (Zhang et al. 2013) , and aphid resistance ). This mapping strategy requires the construction of appropriate mapping population(s), a time-consuming process, and the subsequent genotyping with enormous markers, which is limited to the allelic variations harbored between the two parents. As a result of the complex genetic backgrounds, including high heterozygosity, self-incompatibility, and genome complexity, whereas, linkage mapping is challenging and not particularly efficient for chrysanthemum as yet. In contrast, the genome-wide association study (GWAS) approach surmount the restrictions in biparental mapping and provides an effective alternative to discover marker/ trait association or genomic regions governing expression of complex quantitative traits, from a pre-established panel of genetic resources. Potentially, GWAS enables excellent resolution due to an increased number of recombination events, occurred during the evolution of plant species (Zanke et al. 2015) . The application of GWAS in chrysanthemum has hitherto been confined to the genetic dissection of a few horticultural traits (Klie et al. 2016; Li et al. 2012 Li et al. , 2016 and waterlogging tolerance ).
In the current study, we are positioned to investigate the variability of drought tolerance in a global collection of 159 cut chrysanthemums over two years, and to perform GWAS based on the acquisition of 707 informative molecular markers recently reported by Li et al. (2016) . The purposes of this study were to decipher the genetic architecture of drought tolerance, and in the meantime to identify elite alleles or markers contributing to drought tolerance, and finally to figure out the superior entries showing desirable tolerance to drought, with an intention for their use as breeding parents. Knowledge derived from this study will provide an insight into the genetics of drought tolerance and, therefore, be beneficial to the improvement of chrysanthemum's tolerance against drought stress.
Materials and methods

Plant materials
A global collection of 159 cut chrysanthemum cultivars, developed multifariously in China, Japan, South Korea, Europe, plus some accessions of unknown provenance, were deployed in this study (Table S1 ). The full set showed a wealth of genetic diversity, without any known direct kinship, as was described in more detail in a latest research with emphasis on horticultural traits . All entries are being maintained at Nanjing Agricultural University's Chrysanthemum Germplasm Resource Preserving Centre (Nanjing, China).
Drought stress trials
Drought stress was imposed on the 10-leaf rooted cuttings of the association mapping panel in the spring of 2012 and 2013. The rooted cuttings were laid out in a randomized complete block design with three replications under greenhouse conditions. There are two drought stress trials, namely by exposure to dehydration in the air and by planting in the medium without watering.
The approach of exposure to dehydration in the air was to get the rooted cutting out of the medium, remove residual medium from its root part and place it in the air to dehydrate gradually. Phenotypic performance of the plantlet was photographed and recorded during the dehydration in the air for 1, 2 and 3 h, respectively, which was used to grade the wilting index (WI). The main morphological characteristics of the WI scaled from 1 (slight wilting) to 5 (severe wilting), as described in Fig. S1 . In the meantime, the fresh weight retention rate (FWRR) was measured according to the following equation: FWRR = DW/FW, where FW represented the fresh weight of the plantlet before exposure treatment, and DW the dehydration weight after the exposure for 1.5 h. The measurements were run on four plantlets per entry.
Another drought treatment was to withhold water. All 10-leaf rooted cuttings were planted in a greenhouse in a 1:1 mixture of perlite and vermiculite and irrigated until soil water content reached full soil moisture capacity before the treatment. Phenotypic data of each accession were observed during the stress treatment on a daily basis. The WI of each accession was graded after water withheld for 4 days. The drought stress was maintained until most plantlets showed visible symptoms of wilt for 5 days and then finished by replenishing water. The survival rate (SR) of each entry was counted after re-watered for 1 week.
Evaluation for drought tolerance
The indicators, FWRR and WI under in-air dehydration, and SR and WI under planting with water withholding, were integrated to measure the drought tolerance for each entry, by the subordinate function values (SFV) of each indicator via the following equation: if an indicator was positively correlated with drought tolerance,
where U ij represents the SFV of the jth indicator for the ith variety, X ij the average value of the jth indicator for the ith variety, X jmin and X jmax , respectively, the minimum and maximum value of the jth indicator across the whole panel. The average of SFV (ASFV) across all the indicators derived from two separate experiments was deployed to determine the drought tolerance of the ith variety. A greater ASFV was considered to indicate a stronger tolerant variety.
The descriptive statistics, correlation analysis and relevant analysis of variance from the phenotypic data over the 2 years were performed independently using SPSS software (http://www-01.ibm.com/softw are/cn/analy sis/spss). Broadsense heritability (h B 2 ), the phenotypic (PCV) and genotypic (GCV) variation coefficients and genetic advance (△G) were estimated according to Su et al. (2016) .
Association mapping and elite allele identification
The ASFV of the 2 years was, independently, used in the genome-wide association mapping. The association mapping was performed based on the 707 informative SRAP, SCoT and EST-SSR markers, latterly acquired by Li et al. (2016) . Mixed linear model (MLM) module implemented in TASSEL software (Bradbury et al. 2007) , with both effects of population structure (Q) and kinship (K) taken into account (Yu and Buckler 2006) , was adopted for detection of the alleles significant associated with drought tolerance, quantified by the value of the aforementioned ASFV. The parametric Q and K information were according to Li et al. (2016) . As commonly adopted in previous studies (Zheng et al. 2015; Li et al. 2016; Su et al. 2016) , the significant threshold for calling a marker/trait association was set at P < 0.01. The proportion of the phenotypic variation explained (PVE) by a given marker was derived from the relevant R 2 value. As described by Breseghello and Sorrells (2016) , the phenotypic effect of an individual marker was estimated by comparing the mean phenotypic value (ASFV) of the accessions carrying the marker with that of members lacking it. The markers associated with a positive phenotypic effect on the ASFV will be considered candidate elite alleles for drought tolerance.
Results
Variability of drought tolerance
Descriptive statistics for drought tolerance represented by ASFV, of the 159 cut chrysanthemum cultivars over the 2 years (2012 and 2013) , are depicted in Tables 1 and S1 , respectively. The ASFV of drought tolerance varied in a range of 0.23-0.87 and 0.20-0.92, respectively, in 2012 and 2013. The ASFV averaged 0.57 in 2012 and 0.54 in 2013, with a significant magnitude (P < 0.01) of the correlation between the 2 years. The broad-sense heritability, h B 2 , was estimated at 0.95 and the phenotypic (PCV) and genotypic coefficient of variation (GCV) were 26.73 and 26.11%, respectively. The absolute and relative genetic advances were individually calculated at 37.80 and 68.11% at P = 0.01 (Table 2) . (Table S1, Table 1 ). Approximately 33% of the panel consistently showed high or moderate tolerance to drought over the 2 years; of which, four cultivars, namely 'Qx102', 'Nannong Xiangbin', 'Nannong Xuefeng' and 'Nannong Ziguan', 
Association mapping
The markers linked to the drought tolerance are summarized in Table 3 . By calling a marker/trait association at the significant threshold P < 0.01, 13 markers for drought tolerance were detected in 2012 and 11 markers in 2013 by MLMmodeled association mapping, with an average explanation of 5.6% of the total variation (individually 4.4-7.6%). Corrected by the Bonferroni adjustment (1.4E−05), whereas, none of these remained significant. The 13 drought tolerance-associated markers identified in 2012 explained individually 4.40-6.83%, with an average of 5.43% of the total phenotypic variation, while the phenotypic variation, accounted for by each of the 11 associated markers detected in 2013, ranged from 4.52 to 7.57% and averaged at 5.82%, suggestive of the quantitative nature of polygenic inheritance for drought tolerance. Of these associated markers, eight were consistently expressed across the 2 years. EST-SSR27-8 showed the highest explanation (7.57%) of the total phenotypic variation, at the lowest P values (P 7.00E−04), nonetheless expressed only in the year of 2013.
Mining favorable alleles
The mean ASFV of all accessions either carrying or not carry a given associated marker is summarized in Table 3 . Focusing on the eight markers associated with drought tolerance in both 2 years, the mean ASFV of entries either carrying or not carrying an associated marker is shown in Fig. 1 . As a higher ASFV implied a superior drought tolerance, the presence of markers with a positive ASFV would be of worth to marker-assisted selection breeding. Of the eight markers, three (namely E15M21-4, EST-SSR27-8, and E9M24-2) were uniformly negative in phenotypic effect over the 2 years (Fig. 1c, g, h) , thus should be discarded. EST-SSR34-2 carried by 36 accessions should be validated further, due to its contrasting phenotypic effects across the 2 years (Fig. 1a) . The remaining four markers, E11M24-9, E3M2-8, E1M5-5 and EST-SSR34-3, all had positive effects on ASFV over the 2 years (Fig. 1b, d , e, f), with EST-SSR34-3 expressing the most positive phenotypic effect at P < 0.001 by independent samples t test. Six accessions carrying all the four favorable alleles and 15 accessions harboring three of the four were identified; of which the four accessions, 'Qx007', 'Qx079', 'Nannong Xuefeng', and 'Mundial Improved', showed robust ASFV > 0.7 across the 2 years (Table 4) . Table 3 Markers significantly associated with drought tolerance at P < 0.01, identified using a MLM model with population structure and kinship as covariates a The probability magnitude indicates the markers were significantly associated with drought tolerance at P < 0.01 level b The proportion of the total phenotypic variation explained c The data refer to Li et al. (2016) and Su et al. (2016) 
Discussion
The evaluation of drought tolerance
The drought tolerance is a complex trait that is controlled by multiple genes (Hao et al. 2011; Ravi et al. 2011; Yu et al. 2013) , and in addition, the environmental factors, including the developmental stage of the plants, the severity and duration of tolerance, and the weather conditions, can all influence the plant drought tolerance (Witcombe et al. 2008) . To date, various evaluation methods and phenotypic or physiological indexes, the effectiveness of which varies with the stress severity, have been proposed for the quantifying of drought tolerance at the different growth stages (Hao et al. 2011; Mardeh et al. 2006; Yu et al. 2013 ). However, no agreement has been reached regarding the criteria for measuring drought tolerance; probably this is because drought tolerance was not an independent trait by plant breeders and also the tolerance mechanism was fairly polygenic in nature (Bahrami et al. 2014) . Compared with other developmental stages, in addition, evaluation of drought tolerance at seedling stage possesses a variety of advantages, e.g. timesaving, easy operation, high efficiency, and high repeatability due to more manageability of environmental conditions (Kato et al. 2008) . Wilting, defined as the loss of rigidity and often leading to a flaccid state due to the turgor pressure falling to zero (Taiz and Zeiger 2010) , is the most common visualized sign of drought stress in plant, and therefore, wilting index (WI) provides an easy and rapid measurement for whole-plant responses to drought stress (Hu et al. 2011; Pungulani et al. 2013 ). In the current study, an average subordinate function value (ASFV) of drought tolerance, which integrated WI, FWRR, and SR in drought-stressed plantlets, was adopted to characterize variation in drought tolerance among the chrysanthemum accessions. Phenotypic data from the two drought-stressed experiments, in-air dehydration and planting without watering, were combined to calculate the ASFV of drought tolerance. The former method was to test the rate of water loss and the latter to investigate the response to drought stress and survival rate after re-watering. Here, considerable variability for drought tolerance, with ASFV ranging from 0.2 to 0.9, was found in the investigated chrysanthemums, and the classification of drought tolerance was significantly correlated (P < 0.01) (data not shown) between 2 years. The divergent phenotypic responses of the entries to drought stress are crucial for marker-trait association mapping. Noteworthily, the broad-sense heritability (h B 2 ) was estimated at 0.95. A high h B 2 of such size, together with the moderate genetic advance demonstrates the possibility of improving drought tolerance on the basis of AFSVs in chrysanthemum at early generation.
Association mapping for drought tolerance and comparison with other traits in chrysanthemum
Association mapping has been effectively used to find associations between potential targeted loci and complex drought tolerance (Bac-Molennar et al. 2016; Lu et al. 2010; Yu et al. 2013; Zhang et al. 2016) . In this study, based on a global collection of cut chrysanthemums an MLM model in which population structure and kinship are considered as covariates was applied to identify associated alleles for drought tolerance. Compared with GLM model, the MLM model can reduce spurious associations, and thus more robust despite often resulting in less associated markers . Here, the MLM-based association mapping identified 13 markers for drought tolerance represented by ASFV in 2012 and 11 in 2013 (P < 0.01). The proportion of the phenotypic variance explained (PVE) by an individual marker ranged from 4.40 to 7.57% (Table 3) , suggestive of the polygenic basis of drought tolerance at molecular level. Of the detected associated markers eight were replicated across both years, reinforcing to some extent the significant correlation between the phenotypic data of the 2 years.
Compared with the markers latterly reported by Su et al. (2016) and Li et al. (2016) , four drought tolerance-related markers, namely E10M21-1, E11M23-11, E3M2-1, and EST-SSR34-3, were found to be simultaneously associated with waterlogging tolerance, and two markers (E11M24-9 and EST-SSR131-4) associated with some horticultural traits (Table 3) , a situation which can occur as a consequent of either linkage or pleiotropy. Previous researches indicate that linkage becomes more likely between alleles underlying unrelated traits Ravi et al. 2011; Su et al. 2016; Yang et al. 2010; Wang et al. 2012) . Since the drought tolerance in the present study and the waterlogging tolerance lately reported by Su et al. (2016) are both water-related abiotic stresses that can be correlated in regulatory mechanisms, we would suggest the common markers are much more likely the results of pleiotropy. In contrast, drought tolerance is different from the horticultural traits reported by Li et al. (2016) ; it is, therefore, more likely that linkage rather than pleiotropy would be responsible for the markers shared by these unrelated traits. After further validation, the common markers can be useful in selecting for the aforementioned traits simultaneously. Say, it is encouraging that EST-SSR34-3 acts a positive effect on both drought and waterlogging tolerance. Taking this one step further, if effect of the marker is further consistently validated in different genetic backgrounds, it would allow for achievement of chrysanthemums with both improved drought and waterlogging tolerance at one stroke.
Favorable alleles and the possibility of application in marker-assisted selection for drought tolerance To a plant breeder markers associated with a gene that controls variation for a target trait are potentially invaluable ). In the current study, a dozen associated markers were identified for drought tolerance represented by ASFV. Of particular note are the four markers, E11M24-9, E3M2-8, E1M5-5 and EST-SSR34-3, which could make accurate prediction of performance of drought tolerance over different years. Unlike biparental linkage population, natural germplasm harbor multiple alleles at any given locus; as a consequence, association mapping enable the identification of favorable alleles in a large panel of crops resources rather than the favorable entries which are identified by a phenotypic screen Su et al. 2016) . Based on the identified favorable alleles here, the four entries 'Qx007', 'Qx079', 'Nannong Xuefeng', and 'Mundial Improved' that showed stronger drought tolerance with ASFV > 0.7 should be underscored as potential donor parents for future improving the drought tolerance of chrysanthemum. Prior to application in molecular marker-assisted selection, further validation in multiple genetic backgrounds and environments will be required to confirm the robustness of these alleles' predicative advantage.
